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SECTION I

INTRODUCTION

A universal SAW transducer theory and structure has been developad

having these advantages

* A wide range of center frequencies may be achieved with a given
electrode spacing - single electrode and double electrodz trans-
ducers are two special cases.

* A general theory has been developed to provide the transducer
frequency response over all harmonics accounting for nearest
neighbor interactions.

* The theory is applicable to general periodic array transducers
which include withdrawal weighted, apodized, and capacity coupled
structures.

* The filter design is more direct since the affect of electrode

structure on the overall response has been reduced to a single tap

filter function that may be deconvolved from the specified response.

The tap weights are then determined by an inverse transform of the

modified specified frequency response.

The capacity weighted transducer structure which uses integrated
circuit capacitors to control the response has been improved significantly

over the structure described in the iﬁterim report.
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* The response accuracy has been {mproved with the realization ot
precise nonsymmetrical pass bands having selectivities exceeding
55 db.

* The coupling structure and design procedure has been improved
for lower insertion loss and increased bandwidth.

* A unidirectional structure with weighted taps has resulted in
filters with 55 db selectivity, 6 dB insertion loss and 44 dB

of triple transit suppression.

This report details these developments and builds on the infor-
mation presented in the interim report. That report describes the sampled
impulse response filter design concept and the original description of the
capacity weighted structure. Section IT and 111 deals with modifications
to the capacity weighted structure that reduce loss, and increase bandwidth
and selectivity. Sections [V and V describe the weighted tap unidirectional
transducer and the associated matching networks.

The capacity weighted transducer consists of a layered structure
in which the lower electrodes are essentially & multistrip coupler (MSC)
coupled by lumped element integrated circuit capacitors. Section VI describes
a new theory which simplifies the analysis of SAW propagation in layered
structures and Section VII derives a powerful element by element circuit
approach to MSC analysis.

The time domain analysis described in the interim report provided

the amplifude and phase of each tap for purposes of transducer analyses.




With the advent of harmonic operation of SAW devices it becomes necessary

to analyze the excitation function of individual taps. Section VIII describes

a technique whereby the fine structure of the single tap excitation function

is measured.

Section IX describes a universal theory for predicting the harmonic

response of a wide range of transducers utilizing a newly defined basis
function. Former theories have used the electrode as the basis function.
Since the charge distribution on an electrode is dependent on the voltage
of neighboring elements the response of each electrode must be determined
individually. This newly defined basis function described in Section IX
is not dependent on nearest neighbors and the analysis reduces to a simple
Fourier transform. The simplicity of the theory makes it possible to
analyze withdrawal weighted, apodized, and capacity weighted transducers
with the same design algorithms.

The combination of these theoretical technological developments

have contributed significantly to the universal SAW device design.
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SECTION II

REDUCED REACTANCE CAPACITIVELY WRIGHTED TRANSDUCERS

A. Introduction |
The capacitive tap weight network transducer (CTWN) has been pre-

sented in the interim as an alternative to apodization for the dynamic

weighting of SAW transducers i TP ) The CTWN transducer provides a

uni form beam width which allows direct cascading of two weighted filters

without a multistrip coupler. However, the uniform beam width is obtained ?

at the cost of a higher filter Q than a similar apodized device which leads

to increased insertion loss. Figure la shows the structure for a single E

tap. %
A modification of the original structure results in a significantly E

lower transducer Q while maintaining dynamic tap weighting and a uniform beam

width [ 3 ]J. This new structure of capacitive weighting, hereafter simply 13

referred to as CW, is shown in Figure 1b for a single tap. The structural §

difference is merely the grounding of electrode A in the CW transducer while

e v

the CIWN transducer allows electrode A to have an applied voltage dependent
't on the capacitor values of C1 and Cz. The equivalent circuits, shown in |
Figure 1 reveal that the tap attenuator network for a CTWN transducer is f
a capacitive bridge circuit while the CW transducer has a capacitive atten-

uator network. This structural modification greatly reduces the CW transducer's

input capacitance with respect to the CIWN transducer resulting in a lower

device Q and lower filter insertion loss for broadband filter applications.

This gection describes the CW transducer model, which takes the

thin film capacitor dielectric losses in account, and presents the detailed

CW transducer design analysis necessary for bandpass filter synthesis. The

CW, CIWN, and apodized transducers are compared to illustrate the differences

and similarities between the structures. Experimental verification is pro-

vided using CW transducers in bandpass filter applications.
4




Figure 1.

Capacity weighted SAW transducer taps.
a) Single tap of CTWN transducer.
b) Single tap of CW transducer.




B. Single Tap Model

1. Ideal lLossless Case

The equivalent circuit for a single tap is shown in Figure 2.

The thin film.capacitors, C1 and C2, compose a reactive attenuator which

controls the voltage difference across the electrodes. The interdigital

electrode

Ca

KP- 1403

Figure 2. Equivalent circuit for ideal single tap of CW transducer.

pair capacitance and conductance are represented by Cs and Go respectively.

The definition of terms follow as in [2]:

attenuator

capacitance CT = C1 + c2
reactance

ratio - - Cs/cr
attenuator gain a, = CI/CT

(1)

(2
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capacitive coupling -2
coefficient K" = (1+ ak) (4)

Solution of the network of Figure 1b using equations 1 - 4 yialds

the attenuator transfer function

la] - (—é'-—a? s
and

arg|a| = %%S%:;;T (6)
vhere

Q, = uC_/G_

The input admittance for a single tap is

a?G
6y = —12 = Lk, )
(1 + ap)
and
awca
(o4 l+a -a) (8)
o " a(l+ a) kR~ %

2. lossy Dielectric Case

The apodized transducer has thin film losses associated only with

the metallic conductors and dielectric losses within the piezoelectric
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substrates. The resistive losses are calculated using the conductor material,
sheet resistance and the transducer beam width while the dielectric losses

in the piezoelectric material are generally negligible. The CW transducer,
however, has both conductor losses and thin film dielectric losses associated
with the coupling capacitors. For the following analysis, it is assumed
either the metallic conductance is infinite or is combined with the dielectric

conductance loss to yield an effective dielectric conductance. Figure 3

Gy
+ 0— [ Ci}——
G2 3
Ce $G°
Cs
— O 2

XP-1402

Figure 3. Equivalent circuit for single tap of CW transducer where
the attenuator capacitors have dielectric losses.

shows the equivalent circuit for a single tap when including a loss conduc-

1 and C2.

The total area of the upper electrodes determine the relative

tance for each capacitor C

magnitude of CT and the thin film conductance. This leads to the following

definitions:




attenuator
conduc tance

iy P

thin film wocT
dielectric Q Q,r o o i
: |
The thin film capacitance and conductance are directly proportional to the 5
upper electrode area yielding f
[
;
Cy = oCri Gy = 4Gy
(10) k
. |
€y = (- a)Cps Gy = (ko= 4R, ‘
The following results assume QT > 1, Solution of the network of F
:
Figure 3 for the attenuator transfer function yields the same results as :
3
given in (5) and (6) for the lossless case. However, the ‘input admit- !
tance of the network is ;
aﬁcs
s, . ST— & 11
N a (1 + o)) e % %R o%) e
R R

:
a:GO a (1 + 200) s &W
Dy & ety & (1 - ——————) a G ; :
e | TR i
R R :

The transducer input capacitance remains unchanged from the ideal lossless

case given in (8) . The input conductance, however, is composed of two
terms; the first term yielding the acoustic conductance as given in (7)
and the bracketed term being the thin film loss conductance which is directly

proportional to °§GT'
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C. Multitap Model

1. Input Admittance
Based on the single tap model results, it is now possible to

determine the impulse response and input admittance for a multitap trans-
ducer. Since it is desirable to maintain a constant delay between taps,

(6) dictates that % must remain constant for every tap, which implies
K is constant. The tap weights, therefore, are set by appropriate choice
of o, which is deterwined by the upper electrode area that defines capacitor
Cl. This is analogous to the tap weight being proportional to the finger
overlap of an apodized transducer. For uniformly spaced electrodes, the

effective number of taps is:

N j2uf T n

% oo 13
N ¢e L o(n)e (13)
n=1

where a;(n) is the n-th tap weight as defined in (3) , N is the total number

of fingers, To corresponds to the delay between taps and fo is the filter
center frequency.

The input admittance for amultitap transducer at center frequency
is determined using the impulse response model [4] and the single tap
analysis previously described. The acoustic and loss conductances are
analyzed separately since both are small compared to the capacitive suscep-
tance. The CW transducer acoustic conductance is found upon expanding (7)

as
' =
G ((D) N fch

where Neff is the vector sum of the tap weights as determined in

10




The total loss conductance term due to the thin film dielectric for N
parallel taps is the sum of each individual tap loss conductance given in

(12) yielding

N (1 + 2a)
2 “R
Gop = & (a (n) - a (n) ) G
T oy ¥ Y aay T
(15)
9 (1 + 2ap)
= Na G, (1 - oL fa, ~ememiie)

a+ o’

where E is the average tap weight value and a: is the mean squared tap
weight value. The transducer capacitance is the sum of all the individual
tap capacitances givea in (8) yielding
a NC -3
P iy v 3 16
Co'a(1+a)(l+°'R “w/aw) (16)
R R
The ratio of mean squared tap weight value to the average tap weight value
is defined:

_r (1

§$' = ala

This is a useful term since it provides qualitative information about the

device impulse response. For S' =1, z = B:; which requires all the tap

weights to be unity and yields a sin (x)/x frequency response. As S' approaches

0, the mean squared tap weights are approaching 0 faster than the tap weight

value which transforms to frequency responses having high selectivity and

very narrow transition bandwidths.

11
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The transducer Q and thin film loss are determined using the cal-
culated input admittance parameters. The CW transducer Q is defined as the

ratio of the input susceptance to the acoustic conductance as

' g - ey
Q = wbco i wocqu; £ ak i i aR)
R G! 2 a,
a GONeff R

(18)

The first bracketed term is defined as

w C Nt Na
o o s V=Q w
QR 2 () 2

GoNeff Neff

(19)

and is approximately equal to the Q of an apodized transducer. The magnitude
of QR is a function of the substrate material, filter percent bandwidth and
filter shape factor. The second term in brackets is a function of S' and
o where §' is determined by the tap weights necessary to achieve the desired
filter response and aR is the ratio of the electrode to electrode capacitance
to the thin film capacitance. Figure 4 is the plot of Qﬁ/QR versus a
with S' as a parameter.

The magnitude of the thin film loss is determined by the ratio of

the thin film conductance given in (15) to the acoustic conductance given

in (14) as
-1
Ly = (1 + GTF/Ga)

where

(1 + a'R)2 - S'(1 + 2aR)

GTF/G; ki QR/QT aR

(20)

12
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Figure 4. Plot of the CW transducer Q, normalized by the value of QR,
versus a, for various values of S'. The dashed curve
represen%s the minimum value of Qé/QR for every value of «

between 0 and 1. R

The ratio of QR given in  (19) to the thin film dielectric QT determines
the relative magnitude of the loss. Thin film dielectrics with high Q and
narrow band filters having low QR minimize the loss term. Figure § is

the plot of GTF/G; normalized to QR/QT versus

s

R with S' as a parameter.

2. Optimization of Parameters

PP e

) It is desirable for most filter applications to obtain the minimum
é transducer Q& while also minimizing the thin film loss. The only design

variable not yet determined by the filter response is o The value of G




e T e

160 iy ”
S
\uq
e
o S=2w
Oy
!
a = (0{
Qg /Qr
S N
$t4
4 oo A —
St 3 71
S et e
3.00 $98 e =
§% 6 e Pris
2 ooy 5P e WS
s'= - "
1 02 = se9
'\G‘F/GM
e T ! ¥ ¥
9 00 025 9 .50 8.75 1 @
Or

Figure 5. Plot of the ratio of the thin film loss conductance to the
acoustic conductance, normalized with respect to Q,/Q., versus
a_ for various values of §', The dashed curve rep§es£nts the
minimum value of G,../G' (which yields the lowest thin film
loss) for every vaTge ot o between 0 and 1.

which minimizes Qé is found by taking the derivative of (18) and setting

the result to zero yielding the solution

a' =41 -8 (21

In a similar manner the value of aR which minimizes the thin film loss is
found by taking the derivative of (20) and setting the result to zero
which yields the same solution as in (21) . 1It is possible, therefore,

to simultaneously minimize the CW transducer Qé and the thin film loss by

14
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using the optimum value of @ . The CW transducer parameters are rewritten

R
using (21).
N 2G
G’ eff "o
a (1 + aﬁ)z
C' = a NC
o W
] ) ]
5 Nabwocs 2aR woco ZaR

TR T i R )

(22)

o i 2
Q = QR(l s °k)

Gpp/Gl = Qe/Q (2 (1 + a)]
The results in (22) show the input capacitance of a CW transducer is
identical to an apodized transducer but there is a decrease in the acoustic
conductance given by (1 + a&)-z. The loss conductance term due to the
dielectric film is easily calculated knowing the device design and dielectric
QT. The broken line curves in Figures & and 5 represent the minimum
Q& and loss term when using the optimized value of G given in (21).

The transducer parameters for apodized, CW and CTWN transducers are provided

in Table 1 for comparison.
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Parameter

CIN/Ls

P
~
(>}

loss
Mechanism

TABLE 1

COMPARISON OF TAP WEIGHTING TECHNIQUES

APODIZED

Apodization
Loss

CW

No
w

-2 2
(l+ak) Neff

2
(1+aR) Q

Thin Film

CTWN

2

2
(1+20R) Neff

—1

T
o, (Lr2ap) Qq

Thin Film

+

Figure 6.

Representation of thin film capacitors as ideal attenuators

for weighting of the taps connected to the positive bus bar.

16
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D. Design

The desired filter frequency response is Fourier transformed to

yield the analogue impulse response which is then sampled. A time sampling
rate of (2fo)-1 is chosen for symmetrical filters and a sampling rate greater
than (ZfO)'l must be chosen for non-symmetrical filters [5]. As previously
mentioned, tap weighting for a CW transducer is achieved on only those taps
connected between the busbar and the acoustic beam, as shown in Figure 6. I
Therefore, the negative samples are deleted from the impulse response leaving
only positive samples which are then implemented by the CW transducer.

The deletion of the negative taps for a (Zfo\l_ sampling rate gives

rise to harmonics at 0 and 2 f0 in the frequency domain. However, the total

2 i

transducer response is obtained by multiplying the sampled frequency response

by the response of a single cell. The single cell represents the smallest

unit which is repetitive throughout the transducer. Smith and Pedler [6]

have obtained the single cell frequency response for single and double elec-

trodes and the analysis also yields the relative magnitudes for the various

harmonics. The sharp nulls occurring at the even harmonics for single and |
double electrodes very effectively suppress the busharmonics at 0 and 2f“. |
Given the tap weights as determined from the sampled impulse @

,

response, the total number of taps N, the effective number of taps Ner{ |
the average tap weight and the average squared tap weight are all known.
Upon choice of the substrate material and thin film dielectric and given
the sampled impulse response, the optimized CW transducer parameters given
in (22) are calculated in a simple, straightforward manner. The S§' term H

may be increased while maintaining the filter integrity by using the tap |

enchancement procedure [7].
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E. Fabrication

Fabrication of CW transducers is very similar to that of CTWN
transducers [2]. A mask consisting of equally spaced, parallel lines
having the same width and length is used to define lower electrodes directly
atop the piezoelectric substrate; with all the ground electrodes (i.e., non-
weighted taps) connected to a common bus. A suitable dielectric is then
deposited (i.e., evaporated, sputtered, etc.) over the entire surface to

the desired thickness. A final mask is used to define the upper electrode

Positive Bus

Negative Bus \\\\ —Substrate

Perspective view of a tap in a CW transducer where each elec-

Figure 7.
trode represents 1/8 wavelength.

18




pattern which is precisely aligned over the lower electrodes forming the

capacitor attenuator network. Figure 7 and 8 show a perspective and cross

sectional view of a portion of a CW transducer. Each electrode in Figure
7 represents 1/8 wavelength and this structure is periodic throughout the

transducer. The negative buses above and below the dielectric layer are

capacitively coupled when providing a sufficiently low impedance short or

are directly shorted when a suitable hole is provided through the dielectric.

Upper electrodes

/

/L

Dielectric—'/#

Lower electrodes

Figure 8. Cross sectional view of the layered structure used in fabricating
the CW transducer.

19




F. Experimental Results

To examplify the most general case, two non-symmetrical frequency
response filters are presented using a time sampling rate of (4fo)-l. Both
filters were built on 128° YX LiNbO3 with the transducers having 96 micron
wavelengths and 10 wavelength beam widths.

Filter A consists of a 10 pair, non-weighted interdigital trans-

ducer (IDT) in cascade with a CW transducer whose parameters are given in

TABLE 2

PARAMETERS OF CW TRANSDUCER

CW_TRANSDUCER

wave length 96 microns
beam width 10 wavelengths
transducer length 54 wavelengths
header capacitance .81 pf
Na_ 10.95
w
Neff 6.09
S' = ?/% -57
RF sputtered dielectric, 7059 Corning glass,
t = 4400 R + 5% Q... = 20 + 10%
TF =
Table 2. Figure 9a shows the superimposed theoretical and experimental,

unmatched filter response in a 50 () system. The passband response is good,

however the sidelobe selectivity is limited to approximately -40 dB which

is believed due to random fabrication errors and bulk or plate modes. Table
3 lists Filter A impedance and insertion loss data and agreement between

theory and experiment is good.

20
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Figure 9. Unmatched frequency responses of Filters A and B. i
i
Filter B consists of two identically weighted CW transducers, i
whose parameters are given in Table 2. Because the CW transducers have
21
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a uniform beam width, two dynamically weighted transducers can be directly
cascaded for greater filter selectivity without the use of a multistrip
coupler. Figure 9b shows the superimposed theoretical and experimental
unmatched filter response in a 30 (2 system. The response is extremely non-
symmetrical, as predicted, and the sidelobe rejection is approximately 50
dB. Table 3 1lists impedances and insertion loss data for Filter B.
Agreement between the theory and experiment is very good and a reduction

in the thin film loss is expected upon fabrication of higher Q dielectrics

for the thin film capacitors.

TABLIE 3

MEASURED IMPEDANCE AND LOSS PARAMETERS THAT VERIFY MODEL

Filter A
Untuned @ 40.2 MHz Calculated Measured
Z(1IDT) 500/-65° 535/-65°
Z(CW) 380/-87° 315/-86.5°
IL(50 Q system) 29.85 dB 28.7 dB
Filter B
Untuned @ 43.1 MHz Calculated Measured
Z(CW) 373/-85.2 314/-84.5
IL(50 Q systems) 34.9 dB 34.36 dB
22




G. Conclusion

The CW transducer has been presented as a practical way to achieve
tap weight control for SAW filters. The impulse response model is derived, '
the thin film losses are defined and experimental verification is provided.
The technique provides the uniform beam width advantages of the CTWN trans-
ducer but substantially reduces the transducer Q. The CW transducer Q is
higher than a similar apodized transducer, however, the CW transducer pro-
vides more versatile design due to the uniform beam width and control of

the effective capacitive coupling coefficient.

SECTION III
TAP WEIGHT ENHANCEMENT FOR BROADBAND FILTERS

A. Introduction

Considerable work has been devoted to the accurate design of SAW
bandpass filters and to the techniques for adjusting the strength of the
transducer taps used in these filters. Withdrawal weighting, first intro- |
duced by Hartmann [8)] is becoming widely accepted as an effective means of
controlling the response of narrowband transducers which contain a large i
number of taps. This approach produces a uniform width acoustic beam and
allows two weighted transucers to be cascaded. 1In addition, a uniform beam
is less sensitive to diffraction errors and field fringing at the end of the
transducer electrodes, and therefore produces more predictable results. How- {
ever, filters which require high selectivity, low shape factors, and large
fractional bandwidths do not have a sufficient number of taps to make this
technique effective. Such filters are generally realized using apodization i
or some form of attenuators attached to the taps to adjust the transducer ,?

response [9, 2]. Both of these techniques have a limited range over which




|
|

|
\

the tap weights can accurately be adjusted and designs with a large number
of small taps are not as accurately implemented as designs with a smaller
range of specified tap weights.

This chapter presents a compromise approach in which a series of
taps with small strengths are replaced by a single larger tap. This tap
enhancement technique is significantly different from the tap deletion
described by Hartmann because it does not simply delete the taps to achieve
tap weighting but deletes electrodes and alters the strength of the remain-
ing electrodes to maintain the integrity of the design. This technique,
called tap enhancement, improves the response of both the capacity weighted
[2) and apodized transducers because larger taps are less sensitive to
fabrication inaccuracies and field fringing which result in additive taps
weight errors. In addition, this elimination of the large number of small
taps lowers the electrical Q of capacity weighted transducer [2] and
lowers the insertion loss of apodized transducers.

The analysis necessary for implementing the tap enhancement pro-
cedure is presented along with an experimental verification on a capacity
weighted transducer. The effect of the tap enhancement on the inband ripple,
the transition region, the near in selectivity, and the far field selectivity
is demonstrated by the comparison of a reference filter which implements an
entire set of tap weights and a second filter implementing a tap enhanced
version of the original tap weights. Both devices use capacity weighted

transducers.

24




B. Tap Weight Enhancement Analysis

The tap enhanced design is achieved by substituting a single large
tap for a number of smaller taps and adjusting the center frequency, ampli-
tude, delay and phase of the larger tap to those values of the entire set
being replaced.

Let wl,wz,...wN be the strength of a set of N small taps with
delays tl,tz,...tN. This set of N taps is to be replaced with a single
tap of strength W and delay T. Equating the amplitudes and phases at center
frequency, fo, yields:

-j2nf T N -j2nf t
We il W ot (23)

Equating the group delays at center frequency yields
-jZﬂfoT N -j2ﬂfoti

T We = T tWe

(24)
ey L3

If the N taps are equally spaced, at half-wavelength intervals,

t, = iAt

where:

and equations (23) and (24) are written as:

N
we ™ . ¢ wie'j“1 (25)
1=1
25
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T nnwie'j'"l - gue I (26)
i=1

where:
K = T/At

Since i is an integer, equation (25) requires K to be an integer.

Solving equation (25) and (26) for K yields:

N -

b 1wie

0 1 SRR

K N = (27)
W e.J

=y *

jmi

which, in general, is a non-integer value. To overcome this problem, a
fraction of the Nth tap is left out of the replacement procedure in a
manner so that equation (27) becomes an integer. Let m be the largest

integer smaller than K. The portion of the Nth tap excluded from the sum-

mation is defined as AW and is related to the integer m by

. jmi

b iwie' s NAWe-j"N
o w 51 -
N
5.'wie‘j“1 « pa"I™
i=1

Substitution of equation (27) and (28) yields

=juN _ K-m
N-m

N
Tw e ™ (29)

AWe
gay 1

This artifice enables the replacement of the N taps of strengths

WI.H ,...WN_I(WN-AN) with a single tap of strength W:

2
26




N
W= (ZW) - (30)
i=1
such that equation (25) and (26) are both satisfied. The portion of
the N':h tap excluded from the summation, AW, is considered as part of the
next set of taps to be replaced and the same procedure is repeated.

Figure 10 shows the set of equally spaced reference tap weights

used as an example in comparison to an enhanced set of tap weights where a

1.00

nImx:

=

-z

: L
..mA‘J,Il [!THLJII ISERRAE AR ljl ]I}‘

IOC qoar

S - —
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Figure 10. Conventional set of periodically spaced tap weights.
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4:1 compression is used in each time sidelobe (Figure 11), Applying the

i
compression to only the sidelobes reduces the nearest neighbor effect errors. ‘

L Figure 12 is the frequency response of the reference tap weights and 4
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(b)

Figure 11. Corresponding tap enhanced weights using a 4:1 compression in the
time sidelobes.
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Figure 13 1is the response of the compressed set of tap weights. The tap
enhancement of this example introduces a passband ripple,* but causes no
loss in sidelobe selectivity within 15% of the center frequency. The loss
in selectivity far from center frequency is exchanged for a reduction of

the total number of taps and an increase in the average magnitude of the

tap weights. Since impedance matching of the device to the load is commonly

implemented to reduce the filter insertion loss, the loss in far band selec-

| ﬂ |
WWWV\M j

12.5 25.0 [ 4

tivity is normally regained.
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Figure 12. Frequency response of reference tap weights.

*This ripple is not removed because it compensates for matching network
rolloff.
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Figure 13. Frequency response of compressed tap weights.
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C. Experiment
Two filters have been fabricated to verify the tap enhancement

techniques. Filter A used two cascaded capacity weighted transducers to

Figure 14. Photograph of actual device.
a) Filter A using conventional tap weighting.
b) Filter B using tap enhancement.
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implement the reference tap weights and Filter B used the same type trans-
ducers to implement the enhanced tap weights as shown in Figure 14. The
“ devices have a center frequency of 50.6 MHz and a 5 wavelength beam width.
The dielectric layer is evaporated Siox having a thickness of 3400 R and

i the upper and lower electrodes are of Al having a thickness of approximately

0 a7

-16 04

DO MOC~~rT=D

Figure 15. Superimposed unmatched theoretical and measured frequency
response for Filter A.

-
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2000 R. Figure 15 is the superimposed unmatched t:her:ot'etical\r and
measured frequency responses of Filter A which are in good agreement in the
passband with a slightly higher sidelobe level than predicted. Figure 16
is the superimposed unmatched theoreticalf and measured frequency responses
of Filter B which are also in good agreement with slightly less roundoff in
the passband than predicted. The passband shape of Filter B is predicted
well and the near passband sidelobes are maintained at about -50 dB. The
loss of selectivity far from center frequency is predicted. Comparison of
Figure 15 and 16 demonstrates that the tap enhanced design is easier
to implement and less sensitive to fabrication errors and second order
effects than the filter with all the small taps.

Figure 17 and 18 shows the matched response of Filter A
and B. Filter B has better sidelobe rejection than Filter A and the effects
of the tap enhancement procedure are suppressed by the electrical matching.
The insertion losses of Filter A and B are 12.2 dB and 11.0 dB, respectively,
with the increased passband ripple being due to the triple transit echo.

The reduction in IL is a direct result of eliminating the small taps.

Table & contains the important design data for the capacity
weighted transducers used in Filter A and BR. The two parameters of importance
are the input conductance and capacitance. The conductance of transducer A
is larger than transducer B and is attributed to the difference in the capac-
itor losses of the thin f{ilm networks, based on insertion loss measurements.
The input capacitance of the tap enhanced transducer, B, is approximately
157 less than the reference transducer, A, and is close to the predicted
value of '6.7%. This verifies the increase in the transducer insertion-

bandwidth product resulting from the elimination of the small taps.

TThe theoretical response reflects the actual tap positions as measured
with a surface protiler.
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TABLE 4

s Ao T T

PARAMETERS FOR TEST TRANSDUCERS

! Design

) Parameters Transducer A Transducer B
fo (MHz) 51.0 51.0

3 Beam Width (\'s) 5.0 5.0

1 qwz 0.22 0.35
Cs (pf) 0.251 0.251

i

‘ CT (pf) 0.848 0.848

o 0.296 0.296
GIN 268.37 240.21

13. 5

CIN (pf) 2 11.4

i y

! o, - mean squared tap weight

i

B Cs - capacitance of lower electrodes for a single tap

i

* cT - capacitance of thin film bridge network for a single tap
aR - ratio of Cs to CT

|
!
!
|
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D. Conclusion

The theory for the substitution of a single large tap for a series
of small taps has been derived. Experimental results for capacity weighted
transducers verify the theory. The elimination of small taps increases the
transducer insertion loss-bandwidth product and results in better filter
selectivity when impedance matching is implemented. This technique works
for the general class of bandpass filters, including broadband filters, with

low shape factors where withdrawal weighting is not effective. Tap enhance-

ment may also be extended to the apodized transducer for increased tap weight 3

accuracy and reduced diffraction distortions.

SECTION IV

GROUP TYPE CAPACITIVELY WEIGHTED UNIDIRECTIONAL TRANSDUCERS
FOR HIGHLY SELECTIVE FILTERS

A. Introduction

Surface acoustic wave (SAW) unidirectional transducers (UDT)
achieve low loss by eliminating bidirectional generation. The UDT also
has the further advantage of greatly suppressing the triple transit (TT)
echo associated with bidirectional transducers [10].

It is the purpose of this chapter to describe the group type
capacitively weighted unidirectional transducer (CW-UDT). This technique
yields the desired unidirectional power flow and triple transit suppression
while providing tap weighting of a uniform beam. The CW-UDT enables the
design of low shape factor, highly selective, broadband filters where the
use of withdrawal weighting is impractical. The theory of capacitive tap
weighting [11) and group type unidirectional transducers [12] have been
previously described; this chapter discusses the merging of the two concepts
and the resulting CW-UDT structure. A filter consisting of two identical

CW-UDT's directly in cascade is presented and the filter results are discussed.
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B. Group Type CW-UDT Structure |
The group type UDI' structure consists of two identical, inter-

leaved ports, labeled I and Q, with quarter wavelength spatial shift between

I and Q ports at center frequency. Figure 19 shows the metalization

pattern of a non-weighted, group type UDT. When an electrical 90° phase

1%

r.’%‘n

-

—ZE.— iXa =[]

Figure 19. Group type unidirectional transducer.

shift is provided between I and Q ports at center frequency the surface
waves add constructively in the forward direction and destructively in

the reverse direction providing unidirectional power flow. The structure
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requires no crossovers and is processed in a single fabrication step,

however, there are two important limitations. First, the meandering ground

line provides a high resistance path whose magnitude depends on transducer

length. This results in resistive loss. The second problem is that breaks
|
} or thin spots in the ground line due to fabrication errors may render large

portions of the transducer electrodes inoperative, thereby reducing manu-

o

facturing yields.

The group type CW-UDT transducer structure is composed of a set

j of lower electrodes and ground buses deposited directly atop the piezo-

q electric substrate, a sputtered dielectric layer deposited over the entire

substrate, and a set of upper electrodes and buses which are correctly

| aligned with respect to the lower electrodes. Figure 20a shows a lower

|

ﬁ electrode pattern for a CW-UDT. The ground buses are connected together

|

‘ on either side of the acoustic beam by a quarter wavelength metal strip to

reduce the meandering ground line resistance. Floating electrode pairs are

i used for the thin film weighting capacitors and are alternately coupled to
the 1 and Q ports. Figure 20b shows the upper electrodes of the coupling
capacitors and bonding pads. A perspective of the repetitive structural
unit of the CW-UDT is shown in Figure 21. The electrodes connected to 3

; the I and Q ports crossing over the lower ground strip are isolated by the

) dielectric layer. This increases transducer capacitance but decreases

device insertion loss. The increase in transducer capacitance is determined

by the number of crossovers and the capacitance per crossover. Bonding of

the device is accomplished on the upper aluminum pattern, with the capacitive

reactance between the upper and lower ground electrodes and pads forming a

virtual short.




Thin Film
Dielectric

Figure 21. CW-UDT perspective.




C. Filter Design and Results

The filter response consists of two identically weighted CW-UDT's
having 10 wavelength beam widths at a center frequency of 41 MHz. Each
transducer has a 10 percent bandwidth and a shapefactor of 3. The important
transducer design data is listed in Table 5. Corning 7059 glass is RF
sputtered to a thickness of 3600 £ and used as the thin film capacitor dielec-
tric. The sputtering is accomplished in a 1:1 atmosphere of argon and oxygen
having a background pressure of 20 u and a deposition rate of approximately
25 R/min. The system provides uniform, pin hole free films.

The transducers are tuned using a two element series tuning scheme
(Section V) which yields a pure, real input impedance and provides the
required 90° phase shift between ports. The input impedance, with the tuning
network in place, is 65 Q which is a reasonably close match for testing in
a 50 Q system. Figure 22a shows the magnitude of the passband ripple being
approximately 0.05 dB. The triple transit echo (measured at -47 dB) is
accounted for by edge and absorber reflections having approximately the same
magnitude. The 6 dB insertion loss passband and adjacent sidelobes (down
60 dB) are shown in Figure 22b Figure 22¢ is the broadband filter
response. Subharmonics inherent in the transducer design appear as expected.
This is a predictable affect which must be considered in the design of a
Cw-UDT.

Each transducer has approximately 3 dB loss which is primarily
due to the thin films composing the transducer structure. The two major
mechanisms are the resistive losses of the conductors and the thin film
dielectric loss. The dielectric Q is 20 which yields a dielectric loss
of approximately ! dB per transducer. The remaining loss is primarily due

to the conductor resistance of the electrodes and pads.
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center frequency

3 dB bandwidth
transducer length
acoustic beam width
bus bar width

dielectric

conductor

B R g S e

TABLE 5

CW UDT DATA

41 Mﬂz

4.1 MHz

19 wavelengths
10 wavelengths
1 wavelength

7059 glass - RF sputtered
3600 £ + 10%

aluminum 2000 & + 20%
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SECTION V

TUNING OF GROUP TYPE UNIDRECTIONAY. TRANSDUCERS

A. Introduction

The use of conventional biphase transducers for filter applications
have two inherent limitations. In a conventional two transducer configuration,
the minimum theoretical insertion loss attainable is 6 dB due to the bidirec-
tionality of the input and output transducers. In addition, a triple transit
echo is present with a level equal to approximately twice the electrical
mismatch loss plus 6 dB. In order to maintain the triple transit signal
below a specified level, additional insertion loss is many times introduced.

A variety of unidirectional transducer structures have been reported
to reduce filter insertion loss and minimize the triple transit echo [12].

(13], [3]. The group type unidirectional transducer, shown in Figure
23 , usas interleaved inphase and quadrature ports. The inphase (I) and
quadrature (Q) ports are spacially separated by 1/4 wavelength and each
have identical filter responses. Upon applying an external electrical
phase shift between the I and Q port, the surface waves add constructively
in the forward direction and destructively in the reverse direction providing
unidirectional power flow.

This paper presents a method of employing a very simple tuning
scheme for group type unidirectional transducers. The tuning of the trans-
ducer must simultancously satisfy three criteria:

1) elimination of the capacitive reactance by tuning to a purely

real input impedance

2) equal power must be delivered to the 1 and Q ports

3) a 90° electrical phase shift must be provided between the I

and Q ports.
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Sk s akongs)

Q port

Figure 23. Series tuning approach for block type UDT. The tuning elements ’ﬁ
are represented by the reactances le and _]X() for the I and Q
ports, respectively. *

The method of tuning presented uses a maximum of two elements and, in par-
ticular cases which are described, the use of a single tapped coil or a
single inductor will provide the necessary tuning network while satistying

the three conditions listed above.
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B. Network Analysis

For symmetrical filters, the impedance of the I and Q ports is

identical and given by

A reactance component, KI’

and a reactance component, XQ’
in Figure 23, such that the new input impedances are

zi-lA'] [#45° = A cos ¢ - J A sin g+ § X,
z&-lz'l L—ﬁ‘_’_=Acos¢-stin¢+jXQ
Solution of (32) requires

xI = A(cos ¢ + sin @)

XQ = A(sin ¢ - cos ¢)
and substitution of (33) into (32) yields

[a'] = [VZ A cos o

The sum of the reactances xI and xQ is

X, + X, = 2A sin ¢

1 Q
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is placed in series with the I port

is placed in series with the Q port, as shown

(32)

(33)

(34

35)




:
which is equal to the sum of the capacitive reactances of both the I and Q i
ports. The generator sees the impedances zi and Zé in parallel yielding 1
2l
) = I 9 = ~ o
‘ ZIQ 7 x7 |a cos o] Jo° (36)
| 1" %
|
! which is a purely real impedance.
It is also possible to obtain the same results using a parallel
i1
! tuning configuration shown in Figure 24. Following a similar procedure 4
| |
z t
i ij
i lffl I3
ZIQ 1
J l l | port

f ' .uﬁf””iff]w’_.f”"l~u E

Figure 24. Parallel tuning approach for block type UDT. The tuning elements
are represented by the susceptances j“l and j“n for the I and Q |
ports, respectively. S
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as previously described, it is straightforward to show that the input

impedance seen by a generator for parallel tuning is

g e X o
ZIQ £ ‘2 cos q)l lo° @

For either tuning configuration, the same voltage is applied to
the I and Q ports and the magnitude of the impedances are identical, there-

fore the power delivered to each port is the same. The necessary 90° phase

shift between the current in the I and Q ports is provided by the reactive
components thereby satisfying the requirements for unidirectional power flow

when driving the two ports in parallel with a given generator.

It should be noted that the impedances in (31) assume both the
I and Q ports are active with the required 90° external electrical phase
shift between ports. However, it is much easier to measure the impedance

f only the I or Q port with the other port inactive and then calculate the

o}

resulting impedance when both ports are active. A simple example clarifies
this point. Given the measured values of the I port, with the Q port
grounded, as BC = wocIN as the total capacitive susceptance, Ga = aBC as

the acoustic conductance and Gp = BBC as the parasitic loss conductance,

then the impedance given in (31) with both ports active is

2 - -1
2, = 2= I8t + 2a)? + 877 |- 20+ p) (38)

The results in (40) simply state the capacitive susceptance and parasitic

? conductances add while the acoustic conductance doubles at each port due to
the acoustic and electrical interactions of the I and Q ports. It is extremely
important to include this interaction when calculating the input impedance Z'IQ'
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The transducer input impedance is dependent upon the percent band-
width, shape factor, beam width, particular device structure and parasitic
conductance and capacitance. The following example assumes no parasitics
but these can be easily included when they are determined. It is instructive
to examine the simple case of a non-weighted UDT at center frequency since
this provides a concise and simple analysis.

For a non-weighted transducer at center frequency the input con-
ductance is

Ga = 8k2foCSN2
where k2 is the piezoelectric coupling coefficient, fo is the center frequency,
N is the number of finger pair and Cs the finger pair capacitance which is a
function of the substrate material and transducer beam width. With both the

I and Q ports active, the impedance in (31) is

Ao sz<)c,5«/(21r)2 + ek’m 2yt
i (39)
nnf NC
. ¥
¢ = tan 5 [-—7T£l——§E] = tan [—23—]
8k’ C_N 4N

where the factor of 2 preceeding the bracketed term in the magnitude arises
2
from splitting the transducer into I and Q ports. Letting x = 5%— N 3

is rewritten as

2 -1
A = Z[Nmocsvﬁ + x7]

(40)

¢ = tan°1[x-1]




Three cases quickly lend insight into series tuning the unidirec-

tional transducer and similar cases can be obtained for parallel tuning.

Case 1. For x << 1, then ¢ << 45°, A =~ 2/Nw°Cs and the tuning elements are

X, = moLI and X

1 = woL .

Q Q

This corresponds to large percent bandwidth filters with few fingers which
require inductors for both tuning elements. Tuning can be achieved by using
to separate inductors or using a single tapped coil where the ratio of the

inductances obtained from (33) are

L _sin ¢ - cos ¢
LI sin ¢ + cos ¢ (41)

As the phase approaches 90°, the two inductors are nearly of equal
size which allows nearly center tapping of a single coil and as the phase

approaches 45° the inductor L_ approaches 0.

Q

Case 2. For x = 1, then ¢ = 45°, A and the tuning elements are

" Ne C_
XI = woLI and XQ = 0. This is a unique condition where N = n/4k2 and only

a single element is needed where woLr = J§ As

Case 3. For x >> 1, then ¢ >> 45°, A R:;EGZE— and the tuning elements are
-1 o s
XI woLI and XQ (wOCQ) . This corresponds to narrow band filters with

many fingers. The capacitor, C_, can be either external or a thin film

Q’
capacitor utilizing unused substrate area outside the propagation path. If
the capacitor is fabricated on the substrate, only a single external tuning

coil is needed to satisfy all the criteria.




C. Experimental Results

To experimentally verify the above analysis, a filter was fabricated
using an interdigital unidirectional transducer (ID-UDT) in cascade with a
capacitively weighted unidirectional transducer (CW-UDT) each having 10 wave-
length beam width. Capacitive weighting of one transducer was used since
it provides dynamic tap weighting for filter selectivity while maintaining
a uniform beam width [3], (14]. The device is designed, bonded and packaged
symmetrically about the center of the beam to obtain nearly identical parasitic
effects on the I and Q ports of each transducer. Testing of the filter was
accomplished in a 50 Q) system. Both transducers used the series tuning approach
since the impedances obtained were very close to 50 Q and identical results
were obtained using either two inductors or a single tapped coil. The trans-
ducers were tuned to simultaneously obtain the highest signal level with
minimum passband ripple and measurement of the input impedances always yielded
a purely real value as predicted. The calculated impedance Z' for the ID-UDT

1Q

is 41 O and the measured value is 43 Q and the calculated impedance ZiQ for
the CW-UDT is 48 Q and the measured value is 58 Q. The difference in the
calculated and measured impedance of the CW-UDT is due to the estimation of
the thin film loss conductance based on lnsertion loss measurements.

The filter response, shown in Figure 25 has 6.3 dB insertion
lcss, the bulk of which is due to thin film losses, 45 dB sidelobe selectivity
and approximately .1 dB passband ripple. This corresponds to a triple tran-

sit echo suppression of approximately -44 dB as verified in the impulse

response of Figure 26,
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Figure 25.
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Freq.(Mhz.)
Q)

Filter frequency response measured relative to a 41 MHz center
frequency and 6.3 dB insertion loss.
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Figure 26. Impulse response of filter with the triple transit 44 dBR below
the main signal.
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D. Conclusions

The theory for a simple tuning network for group type unidirec- t
tional transducers which provide a 90° electrical phase shift between
inphase and quadrature ports, equal power to both ports and yields a purely
real input impedance to a load has been derived. The tuning network has 3
been verified for an ID UDT and CW UDT used in cascade in a single filter
which yielded an insertion loss of 6.3 dB and a triple traasit echo sup-
pression of -44 dB. This simple tuning scheme will make group type uni-
directional transducers very attractive for filter applications requiring
low loss and greatly reduced triple transit echos which are unachieveable

using bidirectional transducers.

SECTION VI
ANALYSIS OF SAW PROPAGATION IN LAYERED STRUCTURES
A. Introduction

Surface wave solutions in piezoelectric crystals are usually
obtained using an iterative search procedure for the velocity such that
the electrical and mechanical boundary conditions are satisfied [15].

This procedure is rather difficult especially in layered structures where
boundary conditions have to be satisfied at several interfaces [16].

This chapter dascribes a simple non-interative method of obtaining
solutions for surface waves in piezoelectric crystals using an orthoaormal
series to express field distributions. This method was applied earlier to
acoustic waves in wedges [17, 18, 19, 20, 21]. The advantages of this
method are:

(1) 1t is simple to program and the solution is non-iterative. To

find the velocity and field distribution for surface waves for




a given crystal orientation typically requires the diagonalizati on
of 18 x 18 matrix which takes only a few seconds on a computer.
(2) The boundary conditions are incorporated into the field equations
and automatically accounted for. This makes it convenient to
account for complex boundary conditions such as those encountered
in layered structures. Anisotropic piezoelectric layers can be
taken into account. Second-order effects such as mass-loading are
accurately accounted for and exact field distributions are obtained.
(3) The field distributions are obtained as linear combinations of
orthonormal functions making it convenient to perform further
manipulations to obtain stress distributions, power flow, mode
impedance, etc.
In section B the method of solution is described for surface waves
along a free surface with an electrical open-circuit boundary condition.
The velocity and field distributions are obtained for YZ LiNbO3. Using
this solution the power flow and mode impedance are calculated and compared
with perturbation theory results. The modifications required in the formu-
lation to account for other kinds of electrical boundary conditions are
then discussed.
Section D describes a formulaticn of the technique for layered
structures. It is then applied to obtain the surface wiave dispersion curves
for a YZ LiTa0, substrate with a Si0_, layer on the surface. The results are

3 2

compared with those published earlier.
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B. Surface Waves on a Free Surface with an Electrical Open Circuit

The coordinate axes xl,xz,x3 are chosen so that the Xy axis is in

the direction of propagation and the xz-axis is perpendicular to the surface

(Figure 27). The wave is assumed uniform along the x3-d1rection.

Propagation Direction

g B iy

Figure 27. Surface waves.

Let u,,u represent the components of particle displacement

1
along X)Xy, Xy respectively and ¢ represent the electric potential. T
and D are the stress and electrical displacement.

The field equations are

T




—

The indices a,c take on the values 1,2,3. Summation over repeated subscripts
is implied throughout this paper. T and D are related to the field quantities
u and @ through the constitution relations

ouy, 2

ac b (Cacbd SEE g < ) M=

dac axd (43a)

2)
where (1) the indices a,b,c,d take on the values 1,2,3
(2) © represents the unit step function

(3) C and e are the stiffness and piezoelectric tensors.

The unit step function in equation (43a) incorporates the stress-
free boundary condition for the free surface. When this is substituted into
equation (42a) it leads to delta functions, 6(x2) multiplying the normal
stress components thus ensuring that the normal stress is zero at X, = 0.

For the present, an open-circuit electrical boundary condition
is assumed so that the normal D-field is zero at the surface. This is taken

into account in a similar manner with a step-function

ou,

S B el 43b
e ™ S ox a3, Yoz il

cd q

where ¢ is the permittivity tensor. The O-function gives rise to a term
6(x2)D2 in equation (42b) thus ensuring that D, = 0 at X, = 0 (241.
Methods for incorporating other electrical boundary conditions are discussed
at the end of this section.

Combining equations (42) and (43) and assuming exp(-iwt) time

dependence
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2
pou, = A u + B2 (44a)
- 44b -
0 G uy + Fo (44b) |
where p = mass density and Aab’ B.» Gb and F are operators defined by,
{
Agb = = Cacbdicd o
B " "%aac®cd (45b) i
i
Gb i ecbdxcd (45¢) Tf
f
- o 45d &
F scdxcd ( ; i
X . w ol (8. ) wi=] (46a)
cd  Ax, 27 ox ; 3

Dimensionless coordinates ql,qz,q3 are introduced for convenience
By ™ k X, a=1,2,3 I

where k is the magnitude of the wave-vector in the Xy direction. The oper-

ator xcd (equation (46a)) is written as

2 3 B 2
£ .k e {0¢a,) E} k™ Q4 (46b)

cd

The field quantities are expanded in a series of orthonormal functions in qy:
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u, = mf;pm lm(qz)) e (47a)
© iql

= Zr |mg,))e (47b)

m=0
where
=q
Im(a,)) = e 2/2. P (q,)/m!

and Pm represents the mth Laquerre polynomial. The functions ]m) form a
complete orthonormal set over (0,«) and are thus suitable for expressing dis-
tributions in a half-space. In practice, the infinite sumpations in equations
(47a) and (47b) are truncated at some number N. N=5 is usually adequate.

The presence of the exponential factor is particularly convenient for the
decaying field distributions encountered in surface waves. Only a few terms
in the infinite series are required and the solution converges rapidly.

Using equations (47a) and ‘(47b) in equations (44a) and - (44b),

*
multiplying by ]j) and integrating over 9, from 0 to o,

p . pJ = Pj o i + Qj o rm (48a)
b b
0 = R,J iy Sj e (48b)
hare PP w .G, .. M _.(jm) (49a)
e jm acbd cd‘J’
2 = e M .( )
A * ° Cac Meallsm (49b)
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ij = e 4 Mcd(j,m) (49¢)

Spn ™ " Soq Hoglhom (494)

and Hegom = day 115" qqlm) = (il qlm) (49e)

Equations (45) and (46) and the orthonormality of the polynomials has
been used. Mcd(j,m) is evaluated in the Appendix.
Equations (48a) and (48b) are matrix equations in the expansion

coefficients p and r; the equations are combined to yield

2
P p=(P- s Ry - p (50a)
k
-1
r=S Rp (50b)

where p and r are column vectors with components p: and T The eigenvalues
of (P - QS-IR) yield the value of pw2/k2 and hence the surface wave velocity
(= w2/k2). The eigenvectors yield the field distributions.

The summations in equations (47a) and (47b) are truncated at
some number N. The order of the matrix in equation (50a) is then 3(M+1).
The solution is assumed to converge when the eigenvalue does not change
appreciably as N is increased. It is found that N=5 is usually sufficient.

This method was used to obtain surface wave solutions in YZ LiNb03.
The velocity obtained with N=3 is 3492.1 m/sec and with N=7 is 3489.7 m/sec
showing acceptable convergence. This agrees well with the published velocity

of 3487.7 m/sec.




The field distributions are obtained as linear combinations of
orthonormal functions from equations (47a) and (47b) the coefficients
p: and rm being obtained from the eigenvectors in equation (50). 1In

Figure 28, up»u, and ¢ are shown as a function of depth; u, is identically

3
zero.

The stress and electric displacement are obtained by using equa-

tions (43a) and (43b).

3 8 3
Tac " 5 ¥ acba 3q; "ul™ Cdac 3q; Tnl™! (g
- 2 b B
S cbd aqd m cd aqd m

The power flow per unit area in the xl-direction is written as

(52)

Using the expressions for u, ¢, T and D in equation (52) and integrating

over x2 from 0 to o

where

iw a* b e}
PM skt i [cade pj pm ¢ l-é-a;lm>] (53a)
iw : ar d
PME Nl [(edac & ecad) pj rm(jlsazlm)] i
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Figure 28. Plot of field distributions with depth.

a) U, (compressional displacement) and U

2 (shear displacement).
b) ¢ (electric potential).
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P = 3" Legq ¥y T (0 lg-lm)] (53¢)

The indices a,b,c,d are summed over 1,2,3 while indices j,m are summed from

0 to N, PM is the mechanical power,

Pp is the electrical power.

PME is the electromechanical power and

Knowing the coefficients p and r, PM’ PME and PE are calculated

from equations (53a), (53b), and (53c). This was done for the sur-
face wave in YZ LiNbO3 giving

ul(x2=0) = (3.07 + j 1.09) m .
uz(x2=0) = (-1.63 + j 4.5 m .,
B(x,=0) = (-2.47 - j 1.11) x 100 v ,

P, = 621.4 x 10 %

P = 48.6 x 10 Cug/m

1

PE = 22.1 x 10 ouw/m o

The mode impedance Z [25] is obtained

2
i lo6p=00 " 5.3 4 107 A
Z(PM+PME+PE) w

This agrees well with the value computed from perturbation theory

7
1 AV 5.5 x 10
b 1T R Sl b

)
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C. Surface Waves on Conductive Surfaces

In the last section, a step function was used in the constitutive
relation (equation (43b)) to ensure that D2=0 at the surface. Other elec-
trical boundary conditions can be incorporated in a similar manner.

A common boundary condition is the short circuit case where the
tangential electrical field E1 is zero at the surface. This is incorporated
by adding a term 6(x2)E1 to the field equations. The matrix elements are
easily evaluated using the relations in the Appendix. Another approach is
to expand the electric potential as

N 1q1
o= T rqulm) e :
m=0
This ensures that ¢ is zero at qz-O. The matrix elements are obtained easily

by noting that

4 [m) = - (1) ¢ [mt1) + (2041) |m) - m|m-1) (54)
Using either method the velocity and field distributions are obtained for a
shorted surface which agrees well with published results.

We believe that finite conductivity films can also be taken into

account similarly; however, the details have not been worked out.
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D. Surface Waves in Layered Structures
In this section the problem is discussed for a single layer of

thickness h with material constants p', C', e' and ¢' over a substrate with

T, R

constants p, C, e and ¢ (Figure 29). An electrical open circuit is assumed

at the surface

W
AN\

Figure 29. Layered structure with SiO

over LiTaO

2 3°

The layer is taken into account by writing the stiffness coefficient

C8(q,-kh) + C'(8(q,) - 8(q,-kh))

in the constitutive relation. e and ¢ are also written similarly. The mass-
density is written similarly in the field equation.

With these modifications equations (48a) and (48b) become




pov———e

%
o s

# 2
(p-p") i% (3loca,-kn) |1) p§ + fi  pt

ab b a
= ij P + Qjm rm (55a)
b b
0= ij R + Sjm rm (55b)
where Pab =

' g - ot
m " Cacvd Ma - Cacva ~ Cacha) Bea

a )
Qjm " Shao Toa = € - %3ac) B

eda.c dac cd

jm " %cbd Mea * cba T %cnd’ Yod

] 1
s i sc Mcd 3 (ecd = ecd) Hcd

and Heg = G155 8(ay ) So-lm)

Equation (55a) is rewritten as

N

2
o L by = [P?ﬁ - (p-p") i% (310(ay-kh) [m)} o> + Q;m £ (55¢)

=

Equations (55b) and (55¢) are now solved in a manner similar to Section
VI-B. The only difference is the presence of a term containing mz/k2 on the
right hand side. A simple iteration is required to converge on the correct
velocity.

This method was applied to an Sio2 layer on a LiTa0, substrate.

3
The result is shown in Figure 30 and compared against results published

earlier [26].
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Figure 30. Variation of velocity with film thickness.
Present theory

---------- Reference 26

3 This technique may be extended to include multi-layers and finite

) thickness plates.

69




E. Conclusions

A simple, non-iterative method using an orthonormal basis for
expressing field distributions has been developed for obtaining surface
wave solutions in piezoelectric crystals. Velocity and field distributions

are obtained for YZ LiNbO, that agree with earlier works. The boundary

3
conditions are incorporated in a manner that is easily adapted to layered
structures. Dispersion curves are obtained for surface waves in LiTaO3

with a Si0, layer at the surface; the results are in good agreement with

2
those published earlier.

SECTION VII
SCATTERING MODEL FOR ELECTRICALLY COUPLED PERIODIC METAL STRIPS

A. Introduction

The lower electrodes of the capacity weight transducer is essen-
tially a8 multistrip coupler (MSC) with strips connected by small capacitors
to the buss bars. The MSC is usually analyzed using the Mason model [27]
or in terms of the normal modes of the coupler [28, 29, 30, 31] but neither
approach is conveniently expanded to account for the coupling capacitors.
This chapter describes a simple physical model that views the coupling as

a process of regeneration by each strip in succession. Each strip of the

MSC samples the potential of the incoming acoustic wave and applies it to

all the tracks giving rise to regenerated waves whose amplitudes are calcu-
lated from a simple IDT equivalent circuit [32]. This yields the transmis-
sion matrix of a single strip relating the output and input wave amplitudes
in different tracks. The overall characteristics of the coupler are obtained
by cascading the transmission matrices of successive strips.

The advantages of this approach are:
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(1) The analysis is on a strip by strip basis. This makes it possible
to obtain numerical solutions for non-periodic couplers with slowly
varying pitch, electrodz leangth or metallization ratio.

(2) The model is based on the wall-known IDT equivalent circuit lending
additional physical insight. The effects of external load, strip
resistance losses, negative resistance (as in strip-coupled ampli-
fiers) and coupling capacitors are easily incorporated into the
circuit model.

(3) The entire complexity of field theory is limited to the determination
of the elements of the equivalent circuit. This makes it straight-
forward to analyze multitrack couplers with different acoustic modes,
since each mode is represented simply by the associated radiation
conductance.

In Section B, the single strip transmission matrix is defined and
evaluated in terms of circuit elements. 1In Section C analytical solutions
are obtained for some common periodic couplers using this approach. Numerical
solution for a noa-periodic strip-coupled UDT is obtained in Section D which

is in agreement with previous experimental results [31].




Theoretical Formulation

1. Transmission Matrix

Since the MSC (Figure 31)

the incoming and outgoing acoustic waves in different tracks of a single

T
Track Ng_l_
No. 2

No.M

— p —

Figure 31. A multistrip coupler with M tracks.

strip (Figure 32) are related by a transmission matrix b

strip):
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Figure 32. Incoming and outgoing waves in M tracks of the nth strip. ;

where B: = amplitude of acoustic wave incident on the nth strip in

track k.

sk

| A: = amplitude of acoustic wave emerging from the nt:h strip in

track i. :1

Backward waves are neglected in this formulation so that it is valid only

outside the stop band. B: is related to A:'l by a simple phase factor:

Bi o e Ai (56b)

where, 6, =k
- k, = wave vector in track i

Py " distance between the (n-l)ch and nth strips in track i
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Combining (56a) and (56b),

n n n-1
A" f a4k A (57a)
where,
- SR I
TR
In matrix form,
6%} = 1 N (57b)

It follows that,

0%« 1 N - - e G e et
= (a]V {AO} (57¢)

if the strips are uniform so that [aN] = [aN'I] & - - a [a1] = [a]. Equation

(57a) is a set of difference equations that can be solved to yield analytical
solutions for {An}- Equation (57¢) is used for a numerical evaluation of

[AN} with a given set of initial amplitudes {Ao}.

2. Evaluation of Matrix Elements

The matrix elements a will now be related to IDT circuit elements.
Each track of a single strip has an equivalent circuit with the radiation
conductance Gm in parallel with the capacitance Cm (for the mth track).

Since all tracks in a strip have the same voltage, the equivalent circuit

74

a‘mm.ﬁﬂf’*’x‘;‘

AN




for different tracks are connected in parallel (Figure 33), YL represent

1 any external load connected to the strip.

i e ALY

, 3 b3 $
| L 36 FC (DI 362 =FCo I 3Gu CMthL

KP-1374

Figure 33. Equivalent circuit for one strip with M tracks. YL is an
external load (strip resistance neglected).

The current generator I is defined as the current generated in

§
g
i
[
£
14

the strip when excited by an incoming acoustic wave in the mth track with

the strips shorted together. This current is proportional to the radiation

o g S O Sl O A S B 45 S AP A AN ST oo Sl v s oS
e

conductance of the mth track. The effective amplitude of the acoustic wave

Am is defined as the ratio of the short circuit current to the radiation

conductance:

R Im/Gm

(58a)

The power in the wave Ph’ia,
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From equation (57a) it follows that a:k is the emerging wave in
h

h track is excited. The emergent wave is the

the 1t track when only the kt

superposition of the incident wave and the regenerated wave. The regenerated

wave in the ith track is proportional to the current through Gi in Figure

33. It follows that [20],
2G
< k. -38
a 8y - 5 8k (59)
where,

Y = YL + juC + G

M
c= Y C (for M tracks)
m=1 ™
M
G= T G
m=l ™
and,
y o oy dos ik
R R

(The superscript n indicating the strip number is dropped for convenience.)

The term aik represents the contribution from the incident wave
while the second term is the forward regenerated wave. The factor of 2 in

the regenerated wave arises because outside the stopband the backward waves
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cancel providing a unidirectional regenerated wave in the forward direction.
It is easily seen that power is conserved in this evaluation of scattering : %
parameters. » E
Equations (57) and (59) provide a complete description of i
the MSC in terms of circuit elements. This model may be used for different
acoustic modes once the associatéd radiation conductance is evaluated. We

will now specialize to surface wave tracks, and in the next section it will

be shown that the solution of equation (57a) yields results in agreement

-

with those derived earlier.

By a superposition of solutions it méy be shown that the appro-

priate Gm and Cm (for a single strip with end effects neglected) are those
of an array of strips in which all strips other than the one in consideration
are grounded. The conductance and capacitance of such a structure are the

same as those of a single electrode in an IDT array.

Thus, for surface wave tracks we obtain from equation 13 of
Reference 33,

Y = S&. = ﬁ 31n ns (60)

ow 2 P_s (cos A) P_s (-cos A)

where,

s = p/A

A =alp

K 1s the electromechanical coupling coefficient
and Pv is the Legendre function of order v
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Figure 34.

Ratio of single strip conductance to capacitance (normalized to

the coupling coefficient)

P /N : : xp-11;7o

as a function of strip period with

the metallization ratio as a parameter.
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The capacitance is given by,

P_s (cos A)

Cm = Lm(co + ep) sin ms Fj:_T:EEE—KT

where
Hm = width of mth track

and 'p = substrate permittivity

Figure 34 gives a plot of I (equation (60)) as a function
K°/2
of s with A as a parameter.
3. Strip Resistance lLosses

The effect of strip resistance is included in this formulation by

including series resistance elements in the equivalent circuit (Figure 33)

Rz | Rm-1,m

AAA

LA Gi3 Cl'l' Io(V) Gz Cz‘I'

| SR e i

Figure 35. Equivalent circuit for one strip with etrip resistance included.
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as shown in Figure 35. Rm’m+1
th

track to the center of (m+1)th track.

represents the resistance along a strip

from the center of the m

%3 ﬁn ‘m+1
Rm,m-i-l " g (:-m + ;;G) (61)

where,

Lm is the width of the mth track

and

a, is the strip width in the mth track

ﬁj is the sheet resistance of the strip

s S AL

This model for strip resistance is discussed in Reference 31.

The coefficients aik of the transmission matrix are obtained from

the equivalent circuit of Figure 35 by solving for the node voltages
Vijiooe; VH in terms of the current generators.
M

¥ = F gt
ey KK

B

M
kfl Q1kaAk (from equation (58a)) (62)

T

where Q1k (a function of the resistances R, the conductances, G, and the

- capacitances, C) is obtained from the node equations. The regenerated wave

in the 1th track is proportional to V1 so that the transmission matrix is

T
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It is difficult to obtain a general analytic expression for Qik;
however, a straightforward numerical calculation is required to evaluate it

for a given problem.

4. Normal Modes of the Coupler

The normal modes of the coupler are easily determined from the
present model. A normal mode retains its shape as it is transmitted through
the coupler. Thus the eigenvectors of the transmission matrix [a] provide
the normal mode distributions and the eigenvalues represent the corresponding
propagation constants.

This method makes it straightforward to obtain the normal modes
of a coupler with many tracks involving different acoustic modes. For non-
periodic couplers, the overall transmission matrix is obtained by cascading
the transmission matrices of individual strips. The normal wodes are then

described by the eigenvalues and eigenvectors of the overall transmission

matrix.
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C. Special Cases with Analytical Solutions
In this section analytical solutions are obtained by solving equa-
tion (57a) for certain special cases and shown to agree with the standard

results.

1. Two Track Surface Wave Coupler
For two tracks only, equation (57a) yields a set of two differ-

ence equations:

n n ,n-1 n ,n-1
Al a;; Al + a), A2 (64a)
n n ,n-1 n ,n-l
A2 =a, Al a,, Az (64b)
n n n n th
where all’ a5 a0 85, are given by equation (59) for the n strip.

Assuming an incident wave of unit amplitude in track 1 only (Ag =1, Ag = 0),

the solution to equation (64) is obtained as,

" (q-a,,) + " (a,,-r) /
AN ¥ 22 22 (65a)
1 q-r
N N
N o st
5% Tor Hhen
where q and r are given by,
q+r=a,;+a, (66a)
qr = 811322 - a,,a,, (66b)

The strips are assumed uniform so that the superscript n on the aik's has

been dropped.
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Equations (65a) and (65b) are rewritten as,

i N ZaZY + (2a1'v-m)ejn(2¥-¢) -jN® §
i A = e (67a) '
1 1 2y - o |
N(2y-o0)
i N 1-¢J -jN® 1
| A, = =32 ——t @] |
1 9 et T (67b) :
I |
; where '
?. |

a = ﬁ

i G

2
]

&l®

SLTEAN TS

e e

‘ 0= k(p1 + Py)
P

Dt b s e et

Two assumptions are made in the derivation - that y << 1 and ¢ << 1. The

i external load YL is assumed zero. I

Using equations (67a) and (67b) solutions for specific cases

i are obtained and compared with earlier results. ‘%‘
i

a. Identical Tracks

In this case, ¢ = 0 and ¥ =a = .5. Thus, equations (67a)

and (67b) reduce to,

Ag = - % [1-e'12NY] o JN0
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Complete power transfer is obtained when AT = 0 and Ag = 1. The number of

strips required is given by,

o B

This agrees with the result in Reference 28.

b. Unequal Tracks with Identical Periods

Here ¢ = 0 but o # o&. The solutions are written as,

(a2+alaj2NY$ e-JNE

L alt

jany, -jN®

)

N Z

- (l-e

|
;
i
?

In this case complete transfer is not possible. The minimum value of AT is
% -a1 and the corresponding value of Ag is - Zal. The maximum fractional
power transferred is given by,

2
1 - (aé-al)

-
(]

41112

2
(Ll+£2)

where Ll and Lz are the widths of the tracks. This agrees with Reference

27.

c. Unequal Tracks with Different Periods

From equation (67a) it is apparent that complete power transfer

is possible if,

/ o :




